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Abstract A phenomenological model has been developed to
account for the results of impedance/admittance spectroscopy
measurements from light-emitting electrochemical cells
(LECs) comprising a polymer electrolyte and two different
conjugated polymers used as organic semiconductor. The
application of a d.c. offset bias superimposed to the a.c.
modulation voltage was used to observe the transition from
the behavior prior to device operation and after the formation
of the electrochemical p-i-n junction. The analysis of the
whole device “conductivity” as a function of the applied bias
and of the frequency was used to support the assumptions
considered to develop the model. The results show that the
device, after the p-i-n junction formation, can be considered as
composed by two highly conductive electrochemically doped
(n and p) regions and a thin (few tens nanometers), insulating
layer, where the electrical current is dominated by electronic
charge carrier injection via tunneling through a rectangular
energy barrier. Before the p-i-n junction formation, there is no
doping of semiconductor material, and the device electrical
properties are dominated by the intrinsic electronic charge
carriers in the organic semiconductor. Results from devices
made of organic semiconductors with different band gap
energy and different layer thicknesses are used to corroborate
the proposed model.
Keywords Light-emitting electrochemical cells . Impedance/
admittance spectroscopy . Organic electronics
Introduction
Organic electronics is a new branch of research that comprises
the development, characterization, and application of
electronic/optoelectronic devices, which employ organic
semiconductors (OS) as the main active materials. The OS
used in organic devices can be either small conjugated mole-
cules or conjugated semiconducting polymers as, for example,
pentacene and poly(p-phenylene vinylene) (PPV) derivatives,
respectively. In the last two decades, innumerous kinds of
devices based on this new technology have been developed,
to name a few: organic/polymeric light-emitting diodes
(OLEDs [1–3]/PLEDs [4, 5]), organic photovoltaic solar cells
(OPVs [6, 7]), organic field-effect transistors (OFETs [7, 8]),
and electronic transducers used as sensors [9, 10] or biosen-
sors [10, 11]. Particularly speaking, OLEDs/PLEDs represent
the most successful application of Organic electronics until
now, as the high increase in efficiency and performance in the
last decade made possible the development of highly sophis-
ticated colored displays, which are already available in the
market. The wide variety of materials with different bandgap
energies, the mechanical properties, and the ease of processing
of the active materials are characteristics that also enabled the
current stage of development of OLEDs, as they exhibit
incomparable advantages in applications, which demand cov-
erage of large areas, slimness, lightness, and flexibility.
Although light-emitting electrochemical cells (LECs) have
been proposed more than 15 years ago [12] as an alternative to
some restrictions of OLEDs like, for instance, the need of low
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work-function cathodes, the application of this class of organ-
ic light-emitting device has beenmainly restricted to academic
interest until now. However, solid-state light-emitting electro-
chemical cells are suitable to fabricate all-plastic solution-
processed light-emitting devices [13], large area ambient at-
mosphere processed [14], flexible, metal-free [15], and elas-
tomeric light-emitting devices [16]. Additionally, in a more
general case, considering solution-based light-emitting elec-
trochemical cells, it is possible to extend their applications to
the development of sensors and transducers for biochemical
and/or biomedical analysis [17]. These recent works have
endorsed the advantages of LECs as light-emitting devices
[13–16], bringing more attention to the study of their charac-
teristics [18–23] and to the development of more stable,
reproducible, and long-lasting devices [24–28].
LECs are based in a very simple structure, usually com-
prising a single layer of a blend of a solid polymeric electro-
lyte and a conjugated semiconducting polymer, placed be-
tween a semitransparent electrode (indium–tin–oxide (ITO))
and a metallic electrode (Al, for example). The great advan-
tage of LECs compared with OLEDs is that no matching of
the electrode work function is needed in order to accomplish
low operating voltages. The role of the solid polymeric elec-
trolyte (usually poly(ethylene oxide) (PEO) complexed to a
lithium salt) is to promote, in a first moment, the electronic
charge carrier injection into the conjugated polymer due to the
lowering of the energy barrier via ionic charge accumulation
at the interfaces. In a second moment, the electrolyte provides
the ionic charges that counter-balance the electrochemically
oxidized/reduced molecules in the organic semiconductor.
The oxidized/reduced conjugated polymer molecules usually
have a higher conductivity than the neutral molecule, in such a
way that it is equivalent to say that the ionic species in the
solid electrolyte promote the electrochemical doping of the
conjugated polymer after the electronic injection process
through the electrodes is triggered. As a consequence of this
operating mechanism, LECs have nearly symmetric current–
voltage and luminance-voltage characteristics, regardless the
work-function of the electrodes.
Earlier theoretical models had been developed to describe
the electrical behavior of LECs under steady-state conditions
[29, 30], considering the formation of an electrochemically
formed p-i-n junction after a certain external d.c. voltage is
applied to the device. Recently, a more complete model [31],
based on newer evidence that the junction formation mecha-
nism is basically dependent on the injection rate of electronic
charge carriers in the vicinity of the device onset voltage, has
been presented. The electrical properties of LECs operating
under alternating or transient electric fields have been inves-
tigated by several authors [32–34]. Particularly, in Ref. [32], a
comparison between the electrical response in the a.c. regime
of OLEDs and LECs based on the same organic semiconduc-
tor was accomplished, showing the basic differences of the
operation mechanisms of both kinds of devices, however,
using mainly an equivalent-circuit approach. Later studies
[32, 35] have also analyzed impedance spectroscopy results
from LECs by using equivalent-circuit analysis, but introduc-
ing disorder parameters characteristic of polymeric materials
[36]. The present work performs an analysis of the a.c. elec-
trical response of LECs trying to give some insight in the
microscopic properties of the active material. A simple model,
considering that, after the p-i-n junction is created, the current
through the thin insulating layer in the middle region of the
device is dominated by electronic tunneling have been devel-
oped. Experimental data of impedance/admittance spectros-
copy measurements in operating devices with different organ-
ic semiconductors and active layer thicknesses were carried
out to corroborate the proposed model.
Experimental
Polymer light-emitting electrochemical cells were prepared by
using polymer blends comprising a conjugated electrolumi-
nescent polymer and a polymeric ionic electrolyte. Uniform
films were obtained by spin coating the blend solutions onto
patterned ITO-covered glass substrates. Spin-coating rotation
speed was adjusted to give rise to polymeric films of different
thicknesses: 310 nm (2,000 rpm), 600 nm (1,500 rpm), 890
(1,000 rpm), and 1,250 nm (500 rpm). All films were obtained
using a spinning time of 30 s. After the organic film deposi-
tion, thermally evaporation of Al electrodes (10 mm2 in area)
was carried out through appropriate shadow masks, in high-
vacuum conditions. All the steps of the device preparation
were performed in inert atmosphere of N2, with controlled
oxygen and moisture levels below 10 ppm. Two different
conjugated polymers (provided by American Dye Source,
Inc.) were used as organic semiconductor: a green-emitter
(GE), poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-
vinylenephenylene)] and a blue-emitter (BE), poly[(9,9-
dioctylfluorene-2,7-diyl)]. The electronic band-gap values
for the GE and BE polymers were 2.5 and 2.7 eV, respectively,
determined by cyclic voltammetry, confirming the material
datasheet from the supplier. The polymer electrolyte com-
p r i s e d a m i x t u r e o f P E O a n d l i t h i u m
trifluoromethanesulfonate, CF3SO3Li (TriLi) and was added
to the electroluminescent polymer (EP) solutions to result
blends with a 1:1 (EP/PEO) weight ratio. Even though differ-
ent lithium-salt concentrations in the polymer blend had been
tested, all the results presented here were obtained using a
10:1 (PEO/CF3SO3Li) weight ratio. More details on the sam-
ple preparation methods can be found in Refs. [33] and [34].
Electrical characterization of the LEC devices was per-
formed using a Solartron Instruments gain/phase frequency
response analyzer (FRA) model 1260A. Impedance/
admittance measurements were carried out by applying a
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low-voltage (50 mV rms, unless otherwise stated) sinusoidal
modulating signal that could be added to a d.c. voltage level
(varying from 0 Vup to 8 V) and measuring the correspondent
current amplitude and phase-shift, which can be used to
calculate any of the most commonly used frequency-
response electric complex functions (impedance, admittance,
capacitance, etc.). The behavior of the electric complex func-
tions on frequency was determined by sweeping the frequency
of the modulating signal in the 1 Hz–1 MHz range. The
conductivity of the whole device was evaluated, for each
experimental condition, by considering the appropriate geo-
metrical parameters (device area and film thickness).
Theoretical model
In the present work, a phenomenological model is proposed
analyze the results from impedance/admittance measurements,
in the frequency domain, obtained from light-emitting electro-
chemical cells. The model is based on the premise that, by the
application of a certain d.c. bias juxtaposed to the a.c. modu-
lating voltage, electrochemical doping of the conjugated poly-
mer close to the electrodes occurs, giving rise to an electro-
chemically formed p-i-n junction. Moreover, the electronic
charge-injection in the thin insulating layer between the two
doped regions is mostly governed by tunneling through a
potential energy barrier. The frequency-dependent behavior is
given by considering a characteristic relaxation time that deter-
mines the transition limit from short-distance to long-distance
electronic transport through the device active layer.
A detailed model to describe the d.c. electrical properties of
LECs have been developed by Smith [29], who considered the
device after the formation of the p-i-n junction as a series
association of two circuit elements: one representing the insu-
lating layer, with high electric resistivity, and another one
representing the two doped regions, which were considered
to have nearly negligible electric resistance. The resulting
electrical characteristics described for that model had an ex-
ponential current–voltage behavior with turn-on voltage close
to the bandgap energy (Eg) of the conjugated polymer divided
by the elementary charge. One important result obtained by
Smith is the evaluation of the thickness of the insulating layer,
which ranges between 3 and 20 nm, depending on the ion
dissociation energy.
Considering the obtained values for the thickness of the
insulating layer, one can evaluate that the electric field in this
region is higher than 106 V/cm for common device operating
voltages (above 2 V), which is high enough to promote
electronic carrier tunneling from the doped layers into the
insulating layer. A schematic diagram of the described process
in a p-i-n junction is depicted in Fig. 1. In this picture, the
Fermi level of the p-doped (n-doped) region is considered to
be close to the HOMO (LUMO) of the conjugated polymer, in
such a way that the energetic barrier height (Δ) to be
surpassed by electronic charge carriers, in each side, is about
half of the Eg.
Previous studies have shown that tunneling through thin
insulating layers (about few nanometers thick) is less depen-
dent on the potential barrier height [37] and shape [31] on
thickness of the insulating layer. For this reason, a rectangular
potential barrier is a good approximation to describe the
tunneling through the insulating region shown in Fig. 1. The
Wenkel-Kramers-Brilloin (WKB) approximation is proper to
describe the tunneling through abrupt potential barriers, as
triangular or rectangular barriers [38]. Using this approxima-
tion it is possible to calculate the tunneling probability for
charge carriers into p-i-n junction insulating layer as:
DT ¼ exp
Z x
x1¼0
−2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mΔ
p
ℏ
dx0
" #
¼ exp −2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mΔ
p
ℏ
x
" #
¼ exp − 2
γ
x
 
ð1Þ
where, DT represents the tunneling probability; Δ, the poten-
tial barrier height; γ ¼ m Eg
2ℏ2
 −1=2
, the correlation electronic
length; m*, the charge carrier effective mass; Eg, the semicon-
ductor energy bandgap; and x, the distance inside the insulat-
ing layer. It is important to note that the potential barrier height
is considered to be half of the Eg/2. The thermal contributions
are considered negligible in the tunneling probability and
barrier width calculation, once the barrier energy is much
higher than the thermal energy at room temperature. In this
case, the barrier width will satisfy the following condition:
Eg
2
− Fx ¼ 0 ð2Þ
Where F corresponds to applied external electric field.
However, it is possible to obtain the electric field magnitude
as a function of the insulating layer thickness F ¼ Vw , where
Fig. 1 Schematic diagram of the electronic charge carrier injection from
the doped regions into the p-i-n insulating layer
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V is the voltage drop in the insulating layer, and w is the
insulating layer total thickness. As supposed that there is no
thermal assistance to the tunneling process, the energy of
electronic states before and after tunneling has the same
values. Thus, the condition expressed in Eq. 2 establishes
the rectangular theoretical barrier thickness as the position
where the real triangular potential barrier, in terms of energy,
matches the electronic states of the doped semiconductor.
Using the distance x obtained from the solution of Eq. 2, it
is possible to rewrite Eq. 1:
DT Vð Þ ¼ exp − wγ
Eg
V
 
ð3Þ
The electronic injection current, which is derived from
Eq. 3, becomes
J Vð Þ ¼
Z ∞
0
en Eð ÞDT Vð ÞvdE ¼ Neμ FDT Vð Þ ¼ σiF ð4Þ
where σi=NeμDT(V)=σmaxDT(V) represents the insulating
layer conductivity (which also includes energy barriers ef-
fects), n(E) the carriers density as a function of energy, N is
the total carrier density, e represents the electronic funda-
mental charge, μ is the electronic charge carrier mobility,
and σmax is the maximum conductivity of the insulating
layer. One should note that, when the tunneling probability
is 1, the conductivity of the injection process into the
insulating layer becomes the same as that of the intrinsic
semiconductor. The height of the potential barriers in such
injection process is about the same magnitude of the barrier
height that needs to be surpassed in a hopping-dominated
charge transport process. In this sense, it is reasonable to
suppose that the injection process in the insulating layer
exhibits nearly the same electric mobility than for charge
transport in the intrinsic semiconductor [39–41]. As a con-
sequence of this assumption, the maximum electric conduc-
tivity of the injection process in the insulating layer will be
about the same than the conductivity of the intrinsic
(nondoped) semiconducting layer.
Another consequence of Eq. 4 is that, for voltages
close to Eg/e, a large increase in the injection probabil-
ity occurs, causing a strong dependence of electric cur-
rent on the applied voltage, which defines, therefore, the
device turn-on voltage (Von). Moreover, as the conduc-
tivity of the insulating layer decreases dramatically for
voltages above Von, the resistance of the doped
conducting regions cannot be neglected anymore. Thus,
in such situation, the whole device conductivity can be
better described by a series association of two electric
components: a resistance associated to the two doped
regions and a resistance associated to the insulating
layer. Therefore, the voltage-dependent overall conduc-
tivity of a LEC considering the insulating layer influ-
ence (Eq. 4) and the conductivity of the doped regions,
σpn, will be expressed by:
σ Vð Þ ¼ σpn
1þ w
L
σpn
σi
¼ σpn
1þ w
L
exp
w
γ
Eg
V
  ð5Þ
where, L is the total device thickness. Equation 5 was
obtained considering the w≪L approximation, which is
supposed to be valid in most cases. However, Eq. 5 also
considers that the p-i-n is already formed and that the
conductivity of the layers does not depend on the modu-
lation frequency used to probe the sample, what is not
true in all the cases. To include the effect of the p-i-n
junction formation in Eq. 5, it is necessary to consider
that a certain voltage drop (Vd), due to ionic charge
accumulation near the interfaces, is needed to make the
interface energy barriers thin enough to promote the initial
electronic charge carrier injection into the organic semi-
conductor, and to initiate the electrochemical doping of
the conjugated polymer. Previous reports [20, 34] have
shown evidences that such voltage drop due to accumu-
lation of ionic charges in the polymeric electrolyte is
necessary to promote electronic charge injection and, con-
sequently, the electrochemical doping of the semiconduct-
ing polymer. To account for this, the voltage drop over the
insulating layer in Eq. 5 needs to be expressed, consider-
ing the difference between the external applied voltage
(Vext) and the voltage drop due to ionic charge accumula-
tion (Vd): V=(Vext−Vd).
Additionally, to explain the frequency dependence on the
device conductivity, it is necessary to consider that the move-
ment of the ionic charges in the polymeric electrolyte is
limited by the ion-blocking electrodes at very low frequencies
(almost d.c.) and by the low ionic mobility, which is more
evident in high frequencies. This effect can be simulated by
assuming a characteristic relaxation time (τi) for the ionic
transport in the polymeric electrolyte in such a way that the
effective voltage drop due to ionic accumulation will be given
by:
V d ¼ V in1 þ ω τ ið Þ ð6Þ
Therefore, the frequency-dependent voltage drop (V*(ω))
in the insulating layer of the p-i-n junction will be described
as:
V  ωð Þ ¼ V ext − V in1þ ωτ ið Þ ð7Þ
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Equations 6 and 7 can be summarized by analyzing two
extreme situations: (i) for frequencies much lower than the ion
transport characteristic frequency (ω<<1/τi), the period of the
a.c. modulation is long enough to probe the ionic charges
accumulated near the electrode/active layer interfaces, and as
consequence, the combined effective voltage drop in this
regions equals to Vin; (ii) in the opposite situation (ω>>1/
τi), the a.c. signal changes so fast in such a way that the
voltage drop due to ionic accumulation cannot be sensed by
the impedance/admittance measurement, resulting that the
effective voltage in p-i-n junction is nearly the same than the
external applied d.c. voltage.
Moreover, it is also necessary to consider the influence of
short and long range electronic transport in the device
frequency-dependent conductivity, eσ ωð Þ . This can be done
by considering that the electronic transport has a high frequen-
cy limit for the conductivity (σ∞) and a low-frequency limit
that corresponds to the d.c. conductivity of the device (σ0).
The transition, in frequency, from one conducting regime to
the other one is ruled by a characteristic electronic relaxation
time (τe):
eσ ωð Þ ¼ σ0σ0
σ∞
þ 1þ ωτ eð Þ−1
ð8Þ
where the condition σ∞>>σ0 is expected to be valid. Equa-
tion 8 says that, at low frequencies (ω→0), the electronic
charge transport is a result of the movement of charge carriers
over long distances across the device, and the conductivity
leans to the d.c. conductivity of the active layer in a series
association to the electronic injection processes. At high fre-
quencies (ω→∞), the charge transport is along short distances
and, as it is less subjected to traps, domain boundaries and
other defects that obliterate the charge transport, σ∞ is expect-
ed to be much higher than σ0.
As a result of the previous assumptions, it is possible to
derive the following expression for the frequency and voltage-
dependent conductivity of a LEC during an impedance/
admittance measurement:
σ ¼eσ ωð Þ þ σdop
1þ w
L
exp
w
γ
Eg
V  ωð Þ
  ð9Þ
In the following section, the results from impedance/
admittance measurements on LECs, emphasizing the depen-
dence on a.c. modulation frequency, semiconductor band gap
energy, d.c. bias, and active layer thickness, are presented to
support the assumptions considered to develop the present
model.
Results and discussion
Impedance spectra analysis
Figure 2 shows the complex conductivity (real and imaginary
components) spectra obtained from a LEC excited by a 50-
mV (rms) a.c. signal superimposed to different d.c. voltages
(Vdc), varying from 1 V up to 5 V. The results obtained for
Vdc=0 V are not presented here, as they were very similar to
the spectra obtained for Vdc=1 V, which means that the bias
practically plays no significant role on the charge transport/
injection dynamics for very low d.c. voltages.
In order to obtain initial quantitative parameters from the
complex conductivity spectra, an equivalent-circuit model,
based on the association of two Davidson-Cole [42] functions,
Fig. 2 Complex conductivity
spectra obtained for an 890-nm-
thick LEC at different d.c. bias
voltage levels: a 1, b 2, c 3, and
d 5 V. The superimposed a.c.
voltage was set constant at
50 mV rms
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was used to fit simultaneously the spectra of real, Re(σ*), and
imaginary, Im(σ*), components. Similar approach had been
used previously [32, 36] to analyze the impedance spectra of
polymer LECs, which permits the introduction of disorder
parameters to give a more realistic description then by using
simple RC circuits associations. The two Davidson-Cole func-
tions used in the fittings describe the electronic transport
mechanisms within short and long distances in the active
layer. The use of a disorder parameter of 0.1, for both
charge-transport mechanisms, resulted in a good agreement
with the experimental curves, as can be observed in Fig. 2.
In the frequency range above 104 Hz, which is
denominated as “dielectric regime” in Fig. 2, both compo-
nents of the complex conductivity are practically independent
on the bias voltage, with Im(σ*) presenting higher values than
Re(σ*), at the same abscissa value, which means that the
contribution of the displacement current to the total current
is higher than the contribution due to the conduction current.
In this regime, the ionic charges in the electrolyte are too slow
to follow the a.c. modulation and the electronic charges do not
travel significant distances across the active layer, in such a
way that the imaginary component of the conductivity repre-
sents almost the pure dielectric response of the polymeric
layer. As result, the dielectric constant obtained from the curve
fittings is about 2.8.
At intermediate frequencies, ranging from 104 Hz down to
20 Hz, both components of the complex conductivity show a
transition, generated by the increase of the contribution of the
ionic charges transport to the total electric current. This tran-
sition occurs in the frequency region which comprises the
ionic transport characteristic time, usually in the order of few
milliseconds [33].
For frequencies below 20 Hz, the imaginary component is
still independent on the d.c. voltage, however, the real com-
ponent becomes bias-dependent, specially for higher bias
values (above 2 V). In this regime, the period of the a.c.
modulation is long enough to allow the probing of the ionic
charges movement in the solid electrolyte, and the device
response presents an increased capacitance (dielectric constant
of 190), resembling the bias-independent behavior of an elec-
trolytic capacitor. Conversely, the dependence of the real
component of the complex conductivity on the d.c. voltage
is due to the higher contribution of the injected electronic
charge carriers to the current in low frequencies. For low
d.c. voltages, the injection of electronic charge carriers is less
probable [34] and Re(σ*) presents smaller values than Im(σ*)
at the same abscissa, being the bias mainly responsible by the
formation of the electric double layers (EDLs) in the vicinity
of the electrode/polymer interfaces. For d.c. voltages higher
than 2 V, the ionic charge accumulation at the electrode
interfaces is high enough to stimulate the electronic charge
injection from the electrodes and the subsequent electrochem-
ical doping of the semiconducting polymer. As consequence,
the real component of the conductivity in Fig. 1c (3 V bias)
assumes an almost frequency-constant value below 20 Hz,
which is associated to the d.c. conductivity of the material.
Such a plateau could not be observed for lower bias values
because the d.c. conductivity prior to electrochemical doping
is much smaller, lying in even lower frequencies. For a 5-V
bias (Fig. 1d), Re(σ*) assumes a high and almost frequency-
constant value (below 105 Hz), due to high injection from the
electrodes and consequent high electrochemical doping de-
gree of most of the active layer bulk.
Dependence on the bias voltage
In order to evaluate the influence of the bias voltage on the
charge injection and electronic transport mechanisms, the
complex conductivity of the LEC devices was measured as a
function of the d.c. voltage at two fixed frequencies: 1 and
104 Hz. In the low-frequency region, the response of charge
carriers over long distances in the active layer is probed,
whereas, in the high-frequency region, the impedance/
admittance technique is more sensitive to the short-distance
movement of the charge carriers.
In Fig. 3, one can observe that, for 1 Hz, the real conduc-
tivity has an asymmetric response in the low-bias region. This
characteristic is due to the fact that the electrodes (ITO and Al)
have different work functions and, actually, the device is not
perfectly symmetric. However, for high bias values, the device
conductivity is nearly the same for both polarities, which
means that, once the operation is achieved, the device presents
an almost symmetric electric behavior. This result is in agree-
ment with the view that, in low frequency, the charge carriers
probed by the a.c. modulation travel long distances throughout
the device, being more susceptible to the restriction in the
injection at the device interfaces (electrodes/active layer),
Fig. 3 Dependence of the real component of the complex conductivity
on the d.c. bias voltage for a GE-LEC, measured at two specific frequen-
cies, 1 and 104 Hz
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which is overtaken only at sufficiently high d.c. voltages. For
104 Hz, the real conductivity in the low-bias region is quite
higher than for 1 Hz because the response to the a.c. modula-
tion is mainly due to the short-distance movement of electron-
ic charge carriers in the polymer bulk, which is not limited by
the energetic injection barriers at the interfaces. In low-bias
region (below 1 V), the real component of the conductivity at
high frequency is nearly constant on voltage and is expected to
be equal to the conductivity of the intrinsic organic
semiconductor.
As the bias voltage rises above 1 V, the drift of ionic
charges causes the formation of electric double layers at the
electrodes interfaces, increasing the electronic charge carrier
injection and promoting the electrochemical doping of the
conjugated polymer [34]. The consequence of the raise in
the bias voltage is the establishment of almost ohmic contacts
and the formation of the p-i-n junction. In the voltage range
between 2 and 6 V, the real part of the complex conductivity
increases several orders of magnitude, due to the higher elec-
tronic injection from the contacts (more evident in low fre-
quency) and to the gradual growth of the doping regions
(which occurs in both low- and high-frequency ranges) until
they cover almost the whole active layer extension. For further
increase in the bias voltage, the device conductivity becomes
again constant on voltage and almost independent on frequen-
cy, as the conductivity of the p-i-n junction is determined
basically by the conductivity of doped polymer.
To avoid the effect of different interface conditions in the
analysis of the charge-carrier injection and transport mecha-
nisms, the comparison between the results obtained at 1 and at
104 Hz was carried out considering only forward polarization
(ITO electrode biased positively), as can be observed in Fig. 4.
The figure shows the results from LECs made of GE and BE,
with active layer thickness of 600 and 830 nm, respectively.
Fitting curves of the experimental data, considering the model
presented in the experimental section are also presented in
Fig. 4a, b.
In the low-frequency (1 Hz) and low-bias (below the onset
voltage) regime, the real component of the conductivity gives
the almost d.c. conductivity of the whole device (σin), consid-
ering the effect of the energy barriers at the interfaces in the
injection mechanism. The low-bias and high-frequency
(104 Hz) region, on the other hand, determines the intrinsic
conductivity of the conjugated polymer (σ0), consistently with
the discussion presented previously. For voltages above the
onset, the real component of the conductivity starts to increase
exponentially, as stated previously by Smith [29], for both
frequencies, revealing the formation of the p-i-n junction. In
this regime, the device operation is mainly controlled by the
characteristics of the insulating layer in the middle of the p-i-n
junction. As the voltage increases further than the onset volt-
age, the insulating layer becomes very thin, increasing the
probability of tunneling and, consequently, the conductivity of
the whole device tends asymptotically to the conductivity of
the doped semiconductor (σpn).
In the low-bias range, the data fittings in high and low
frequency differ mainly in the effective voltage drop at the
interfaces (Vd), defined by Eq. 6, which is approximately
equal to Vin at low frequencies and to zero at very high
frequencies, as highlighted in Fig. 4a. This voltage is the
voltage needed to form the EDLs at the interfaces and to
overcome the energetic barriers for electronic injection from
the electrodes, which is sensed by the a.c. modulation only in
the low-frequency regime. For higher bias voltages, the con-
ductivity of the device tends asymptotically to the conductiv-
ity of the doped polymer since the insulating layer becomes
thinner and the doping degree of organic semiconductor in-
creases. The results presented in Fig. 4a, b were fitted using
Eq. 9, resulting in the parameters shown in Table 1.
The results in Table 1 shows an intrinsic conductivity of
1.38×10−8 and 1.4×10−7 S/cm for the GE and BE, respec-
tively, which results in intrinsic electronic charge-carrier den-
sities of 4.3×1015 and 1.2×1017 cm−3, considering the elec-
tronic charge-carrier mobility measured by photo-CELIV37
(2.0×10−5 cm2/V s for the GE and 7.3×10−6 cm2/V s for the
BE). Using the obtained values for the conductivity of the
doped layers and considering that the electronic charge-carrier
mobility is not strongly affected by light electrochemical
Fig. 4 Dependence of the real component of the complex conductivity
on forward bias at 1 and at 104 Hz; a GE polymer (Eg=2.5 eV) and b BE
polymer (Eg=2.7 eV) as organic semiconductor
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doping [39–41], it was possible to evaluate the electronic
charge-carrier densities in the doped state (1.9×1018 and
1.2×10−19 cm−3 for GE and BE, respectively). In a recent
study [44], the density of traps for electronic charge carriers in
different semiconducting polymers was estimated to be be-
tween 1.3×1017 and 4.0×1017 cm−3. Using this information
and considering the present values for the electronic charge-
carrier densities, it is reasonable to conclude that the electro-
chemical doping in a LEC results in the full filling of the traps
in a organic semiconductor.
Dependence on the active layer thickness
The validity of the proposed model to analyze the complex
conductivity properties of LECswas also checked by studying
the dependence on the thickness of the active layer. Devices
with thickness ranging from 310 up to 1,250 nm were fabri-
cated and characterized by measuring the a.c. complex con-
ductivity in different d.c. bias conditions. The results for the
real component of the conductivity, at 1 and 104 Hz, as a
function of the d.c. voltage, for GE, are presented in Fig. 5.
The data were fitted consistently using Eq. 9, and the obtained
results are presented in Table 2.
The limit of the intrinsic electronic conductivity of the
conjugated polymer (σ∞), and the electronic correlation length
(γ) remained nearly constant with the device thickness, as
would be expected for intrinsic properties of the material.
Conversely, the d.c. limit of the device conductivity (σ0)
presented a slightly higher fluctuation, remaining, however,
in the same order of magnitude (10−13 S/cm). This occurs
because σ0 has a higher dependence on the condition of the
polymer/electrode interfaces, which can vary more from de-
vice to device. Nevertheless, this has little influence on the
device performance after the operation regime is achieved.
The conductivity of the electrochemically doped organic
semiconductor (σpn) also did not vary strongly with the device
thickness, corroborating the assumption that the
Table 1 Fit parameters obtained from the data presented in Fig. 4
Parameter GE (Eg=2.5 eV) BE (Eg=2.7 eV)
σ∞×10
−8 (S/cm) 1.38±0.06 14±1
σpn×10
−6 (S/cm) 8.0±0.3 33±2
Density of intrinsic electronic
charge carrier (cm−3)
4.3×1015 1.2×1017
Density of extrinsic electronic
charge carrier (cm−3)
1.9×1018 2.8×1019
w (nm) 23.5±0.1 49±1
γ (nm) 2.8±0.2 4.1±0.2
Vin (V) 0.87±0.04 1.0±0.1
The charge-carrier densities were calculated considering the carrier mo-
bility determined from photo-CELIV measurements (μGE=2.0×
10−5 cm2 /V s and μBE=7.5×10
−6 cm2 /V s)
Fig. 5 Dependence of Re(σ*) on forward bias in the low- and high-
frequency regimes for different active layer thicknesses; a 1,250, b 890,
and c 310 nm
Table 2 Parameters obtained using Eq. 9 to fit the experimental data of
device with thicknesses
Parameter L=310 nm L=600 nm L=890 nm L=1250 nm
σ∞×10
−8 (S/cm) 3.3±0.3 1.38±0.06 2.3±0.2 1.0±0.1
σpn×10
−6 (S/cm) 6.1±0.2 8.0±0.3 6.0±0.1 6.0±0.2
σ0×10
−13 (S/cm) 1.9±0.2 170±60 7±3 8.0±0.1
w (nm) 21.5±0.1 23.5±0.1 25.4±0.1 34.6±0.1
γ (nm) 2.8±0.1 2.8±0.1 2.8±0.1 2.8±0.1
Vin (V) 0.87±0.04 0.87±0.04 0.87±0.04 0.87±0.04
τin (s) 0.19±0.02 0.38±0.04 1.1±0.1 3.2±0.4
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electrochemical doping degree of the conjugated polymer is
independent on the geometric properties of the device [30,
45]. The insulating layer in the p-i-n junction in the steady
state (w) presented a slight tendency to increase with device
thickness (ranging from 21.5 to 34.6 nm), keeping restrict,
however, to a small region (at least more than 14 times
smaller) compared with the total device thickness. The voltage
drop in the electric double layers (Vin) was evaluated to be
about 0.87Vand nearly constant on thickness. Conversely, the
effective frequency-dependent voltage drop (Vd), represented
in Eq. 5, varied accordingly to the variation on the ionic
charge relaxation times (τi) presented in Table 2. It was
observed an approximately square power dependence of τi
on the active layer thickness, which is reasonable, since the
thicker the device layer, the lower is the ionic conductivity of
the device and the slower is the response of the ionic charges
to the a.c. modulation.
Conclusions
The proposed model for the interpretation of impedance/
admittance measurements on light-emitting electrochemical
cells has been successfully applied in the analysis of results
obtained from devices made of different conjugated polymers,
with different layers of thickness and subject to different
superimposed d.c. bias levels, in a wide frequency range
(1 Hz up to 106 Hz). The results have shown that, when the
applied d.c. bias is lower than the operation voltage (below
2 V), the injection barriers for electronic charge carriers are
still high, in such a way that the device conductivity is mostly
defined by the polymer/electrode interfaces in the low-
frequency regime and by the intrinsic conductivity of the
nondoped polymer in the high-frequency regime. As the bias
increases, the formation of the electric double layers at the
interfaces permits the electronic charge injection and the con-
sequent electrochemical doping of the organic semiconductor,
giving rise to the p-i-n junction. In such regime, the conduc-
tivity is dominated by the electric resistance of the insulating
region between the two doped layers, which rapidly decreases
as the external applied voltage increases, due to the increase in
the extent of the electrochemically doped regions. When the
external voltage is high enough to make the p-i-n junction
achieve the steady state, the doped regions occupies almost
the whole active layer and charge transport through the thin
insulating layer is dominated by a highly probable tunneling-
type mechanism. In this situation, the resistance of the insu-
lating layer becomes low enough in such a way that conduc-
tivity of the device becomes nearly equal to the conductance
of the doped layers, which dominate the electronic charge-
carrier transport in the device.
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